ABSTRACT Polyoma virus host range transforming (hr-t) mutants are blocked in virion assembly. In (1, 3) and unable to induce tumors in newborn hamsters (4). The mutations map to a small segment of the early region (5-7) that encodes a common portion of the small and middle tumor-antigen proteins (8).
The host range transformation-defective (hr-t) mutants of polyoma virus were selected originally for their ability to grow well on polyoma virus-transformed 3T3 (Py-3T3) cells and poorly on normal 3T3 cells. This selection was based on the assumption that genes essential for transformation should be identifiable on the basis of their serving an essential role in the virus growth cycle (1) . Such dual functions for virus growth and transformation were thought to be expressed by the integrated viral genome in Py-3T3 cells and to be capable of complementing a superinfecting virus mutant defective in the homologous function. Mutants selected in this way form a single complementation group and have a uniform biological behavior (see ref. 2 for a review). They are completely deficient in transformation of cells in vitro (1, 3) and unable to induce tumors in newborn hamsters (4) . The mutations map to a small segment of the early region (5-7) that encodes a common portion of the small and middle tumor-antigen proteins (8) .
Analysis of the growth of hr-t mutants on different cell types has led to the hypothesis that cellular permissive factor(s) are required for efficient virus production and that the function of the hr-t gene is to regulate or induce the permissive factor(s) (3) . Certain primary cells such as mouse embryo fibroblasts and baby mouse kidney (BMK) epithelial cells constitutively express permissive factors, allowing efficient growth of hr-t mutants (9) . By using normal mouse embryo fibroblasts as a permissive host, it has been possible to isolate host range mutants that are nontransforming and otherwise identical to hr-t mutants isolated on polyoma virus-transformed 3T3 cells (10) . Results of these biological experiments, together with those of mapping and sequence determination (5) (6) (7) , establish that the growth and transformation defects of hr-t mutants are manifestations of single mutations, resulting in loss of a pleiotropic regulatory function (2) . How the dual products of the hr-t gene elicit the multiple cellular changes that accompany malignant transformation and permissivity for virus growth is unknown.
A better understanding of how the small and middle tumorantigen proteins exert their effects should come from biochemical studies comparing the lytic growth cycle of wild-type (wt) and hr-t mutant viruses. Studies in other laboratories on simian virus 40 (SV40) (11) (12) (13) (14) (15) have shown that virion assembly proceeds through several definable stages: (i) replicative intermediates that become labeled rapidly with [3H]thymidine and sediment at 95S; (ii) minichromosomes that sediment at 75S and have a fraction active in transcription; and (iii) virion forms that sediment at 200-240S (which contain capsid proteins VP1, VP2, and VP3) and include intact virions (240S) as well as salt-labile and other intermediates preceding the final virion structure. The transitions from 95S to 75S to 240S have been determined by pulse-chase labeling of viral DNA with [3H]thymidine and by the use of a temperature-sensitive mutant in VP1, which blocks the transition from 75S to the more rapidly sedimenting forms.
Our initial approach to studying the role of the hr-t gene in productive viral infection has been to determine the levels of viral DNA and capsid proteins present in hr-t mutant-infected cells and then to follow virion maturation through the defined intermediates. hr-t mutants show levels of viral DNA accumulation that are 30-40% of that of wt. However, the predominant defect in virus production lies in a failure to encapsidate the 75S minichromosome to form a 240S virion structure. The encapsidation defect is correlated with failure to generate post-translationally modified VP1 species that are present in the mature virion and may be required for assembly of infectious virus particles.
MATERIALS AND METHODS
Cells and Viruses. Cell culture and plaque assays were performed as described (16) . Primary culture of BMK cells were prepared as described by Winocur (17) . NIH 3T3 cells were Abbreviations: BMK, baby mouse kidney; hr-t, host range transforming; 2-D, two-dimensional; wt, wild-type; pfu, plaque-forming unit; SV40, simian virus 40. * Present address: Div. of Pediatric Oncology, Dana-Farber Cancer Inst., 44 Binney St., Boston, MA 02115.
3613
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
mycoplasma-free and tested routinely for low permissivity for hr-t mutants (16) ; wt viruses were derived from hr-t mutant viruses by marker rescue (5). hr-t mutants used have been described (1, 3 (19, 20) and quantitated by autoradiography and densitometry. Hirt- method supernatants. In the experiment of Fig. 2 , the recovered viral complexes contained 90% of the total viral DNA. Therefore, we believe the profiles are representative of the total complexes present. Quantitative comparison of the 240S species in Fig. 2 was made after subtracting the background of nonspecific [3H]thymidine-labeled complexes and normalizing the peak intensities to the total viral DNA recovered. By this comparison, the 240S peak of the hr-t mutant was 15% of wt when grown on 3T3 cells (Fig. 2 Lower) and 90% of wt when grown on BMK cells (Fig.  2 Upper). Because DNA accumulation approximated 30-40% that in mutant-infected 3T3 cells (Fig. 1) , the overall reduction in 240S production should be 5% of wt. Direct comparison of the 240S peaks in Fig. 2 Lower without normalization for DNA accumulation shows the mutant peak to be 6% of the wt.
The decrease in the 240S virion peak to 5% in the hr-t mutant-infected 3T3 cells is not surprising because outputs determined by plaque assay or by CsCl gradient isolation of virions are 1-2% that of wt. Because viral DNA accumulation accounts for only a 2-to 3-fold difference in virion production, we conclude that encapsidation of the 75S minichromosome is the major block (5-to 10-fold) in hr-t mutant infection of nonpermissive cells. Because the transition of 75S to 240S complexes in SV40 virion maturation is accompanied by the addition of the major capsid protein VP, to the minichromosome (11, 15) , we next investigated VP1 in more detail.
hr-t Mutants Show Host Cell Dependence of VP, Modification. In both polyoma and SV40, studies of the major capsid protein VP1 have revealed multiple isoelectric subspecies attributed to post-translational modifications (19, (22) (23) (24) . We compared the stoichiometry of the various VP1 subspecies in hr-t mutant and wt infections. To ensure quantitative and nonselective extraction, entire infected cell monolayers were solubilized, and VP1 subspecies were separated by 2-D gel electrophoresis by using an expanded isoelectric focusing range for resolving VP1 forms. The following criteria were used to identify VP, subspecies: (i) absence in mock-infected cells, (ii) comparisons of mobilities with purified virion proteins, and (iii) comparison to previously published molecular weight and pIs for VP1. Fig. 3E , an additional subspecies migrating as a shoulder of form 1 was often detected (for example, see Fig. 3D ). There was a notable absence of all modified VP1 subspecies in the hr-t mutant infection of nonpermissive cells (Fig. 3C) of the same cells by the wt virus with an identical late region (Fig. 3B) . We also tested two additional hr-t mutant/wt virus marker-rescued pairs and obtained identical results. Because the growth cycle of hr-t mutants in permissive cells is prolonged compared to that of wt, we looked at VP1 by [3S]methionine-labeling up to 60 hr after infection and found no difference from the pattern seen in Fig. 3C . Densitometry revealed that modified subspecies comprised 35-50% of the total VP1 for wt, compared to 5-10% for mutant upon infection of 3T3 cells.
When hr-t mutants infected a permissive host, modified VP1 subspecies were present in amounts comparable to a wt infection (Fig. 3D) . Therefore, the VP1 molecules produced by hrt mutants are capable of being modified, and the deficiency of modified forms in nonpermissive cells is not a result of undetected late gene mutations. Production of increased amounts of the modified VP, subspecies in hr-t mutant-infected BMK cells correlates with increased amounts of the 240S virion peak in the same infections (Fig. 2 Upper) . Conversely, the decrease in VP, modification to 5-10% seen in nonpermissive 3T3 cells correlates well with the failure of the 75S minichromosome to undergo transition to 240S virions (Fig. 2 Lower) . It is remarkable that permissive cells infected by hr-t mutants produce a series of modified forms that is indistinguishable from that induced in nonpermissive cells by a functional hr-t viral gene. Earlier observations on the growth of hr-t mutants led to a model in which the hr-t gene acts to induce the expression of cellular permissive factor(s) required for virus production (3). In terms of the present findings, the cellular permissive factors previously hypothesized would be responsible for post-translational modifications of VP1 and possibly for a stimulatory effect on viral DNA replication. The constitutive level of these modification enzymes would determine the yield of hr-t mutants in any given cell type. The hr-t gene products may act at the genetic level by inducing higher levels of these cellular enzymes or at the protein level by modifying the enzymes to have a higher activity toward VP1.
